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Abstract
A microfluidic device was synthesized out of polydimethyl siloxane (PDMS) to simulate
the structure of the alveolar-capillary interface of the human lung. Soft lithography
techniques were used to build a mold structure out of SU-8 epoxy at heights ranging
from 30µm to 110 µm on a silicon substrate, with the 70 µm structure working the best.
A mixture of 10:1 Sylgard 184 elastomer was then cast using the mold, and cured at a
temperature of 80oC. For the porous membrane, the PDMS was spun on at 6000rpm
for 30 seconds using a spin coater to produce a membrane 10µm thick with pores 10µm
in diameter. The three layers were then plasma treated, aligned under an optical
microscope with a float layer of methanol and set back in the furnace for 15 minutes.
Various methods of bonding were attempted, including partially uncured PDMS
bonding, a sandwich technique which used weights on both sides of the device while it
cured, and placing the device under a vacuum before curing. Fluid was pushed through
the channels to check for leaks, with the plasma treating and methanol float layer
method attaining the most complete bond. To simulate the motion of a human lung, the
outer channel was alternately pressurized and depressurized to bend the walls of the
center channel, which caused the porous membrane to stretch and compress as in a
real lung. The devices did not have a complete bond between the channel layers and
did not seal in the liquid flowing through the channels. It is recommended that the
PDMS to PDMS bonding techniques used are further investigated or replaced by better
methods.
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Introduction
The main goal of this project is to provide the Saban Research Institute of Children’s
Hospital Los Angeles with a chip, which mimics the motion of a lung on the level of the
alveolar-capillary interface (Figure 1). This device will create an opportunity to view the
alveolar-capillary interface in real time as the endothelial and epithelial cells are
exposed to blood and air respectively, while the membrane supporting them mimics the
motion of the entire organ.

1

Figure 1: Diagram of the porous membrane.

Broader Impacts
Health and Safety
The goal of this project is to build a device which can be used as a research tool to help
the medical community understand how lung tissue reacts when exposed to different
environments. This research could beneficially affect the health and safety of people in
areas with poor air quality. At the very least, this project could help the medical
community in knowing what to expect when people have respiratory problems, such as
pulmonary hypoplasia,2 and possibly how to rehabilitate the damaged respiratory
systems at the cellular level.
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Manufacturability
To make this device useful, it must have three main features. First, it must have a
porous membrane which can mimic the motion of the lung, and to which lung cells can
be attached. Second, to keep the cells alive there must be space for blood to flow along
the surface of the endothelial cells on one side of the membrane, and space for air to
flow along the surface of the epithelial cells on the other side of the membrane. The
final feature that the device must have is an optically transparent exterior, so the cells
can be viewed with a confocal microscope while the cells are interacting with various
particles that are introduced. Manufacturing a microfluidic device to meet these
requirements could be useful not only to the niche of the medical community studying
lungs, but to anyone studying the interface of cells and any liquid or gaseous substance.
The techniques used can also be applied to any product in need of a multi-layered
microfluidic device or thin polymer membrane.3

Background
The Developmental Biology & Regenerative Medicine Research Program at the Saban
Research Institute is researching organogenesis, tissue engineering, injury, repair, and
regeneration. Research involving the lungs includes trying to understand the
development process for lungs in human infants, from the fetus until after birth, and the
lungs’ interaction with particulates in the air. Part of their research includes
understanding how the cells differentiate from stem cells into the vasculature, alveolar
tissue or bronchioles. Currently, the technique for research of the alveolar-capillary
interface is to use a section cut from a human or lab animal’s lung, taken either as the
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waste from surgery or from a cadaver, and view it under a confocal microscope with
dyes marking the types of cells being researched. Using these types of samples can
only give so much information, and it will not show the researchers how cells interact
with each other in real time when they are expanding and contracting in the process of
breathing. There have been some successful attempts to create a biomimetic interface
to which cells can be adhered, one of which is the basis of this project.1 Another
application of biomimetic alveolar-capillary interface structures is to help newborns with
underdeveloped lungs breathe. Microfluidic devices with this type of interface are being
used to culture alveolar cells which can be implanted into newborns to increase the
development of their lungs and increase their chances of survival.4

Alveolar-Capillary Interface
The alveolar-capillary interface is the zone between the endothelium and epithelium in
the lungs (Figure 2). The epithelium is coated in a layer of mucus on the side that is
exposed to the incoming air. The endothelium is in contact with the blood cells which
flow through the pulmonary circuit. This space where the two tissues interact is of great

Figure 2: Alveolar-capillary interface.
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interest to the medical community because it is the zone where the immune system
reacts with airborne pathogens. The Saban Research Institute is interested in how
these cells interact in real time with airborne pathogens at this interface.

Microfluidics
The idea of using microfluidics for a research tool is beneficial mainly because of the
minute quantities of liquid or organic matter required to conduct the research.
Extracting blood or tissue from living subjects can be painful or traumatic, so reducing
the amount of blood or tissue required will also reduce the pain or trauma to the subject,
which should be a goal of anyone doing biological research. Instead of using
us
an entire
lung, or using a small part and wasting the rest, a small quantity of cells can be used on
the membrane with the same effect as using an entire lung.

PDMS
siloxane (PDMS) is a silicone based polymer. The backbone of PDMS is
Polydimethylsiloxane
made up of silicon and oxygen with methyl groups attached to each silicon (Figure 3).5
This polymer can operate in a wide range of temperatures
temperatures,, anywhere from -40OC to
over 150OC,, which is necessary for research with living tissues because the device will
need to be sterilized at a high temperature and may be stored at a refrigerated
temperature. The hydrophobic surface of PDMS allows for easier cleaning and
sterilization. PDMS is also optically transparent, which will allow researchers to place it
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Figure 33: Polydimethylsiloxane molecular structure.

directly on top of the confocal microscope that will be used to view the cells. Optical
transparency will also allow for the researcher to look through the outer layers of the
device at the inner membrane without having to expose the cells directly to the
atmosphere. The dynamic viscosity of PDMS is approximately the same as that of SU-8
2050, so equations for film thickness when spin coating SU-8 can be used for the
parameters for spin coating PDMS onto the SU-8 pillar structure.6,7

PDMS can be bonded in multiple ways. A PDMS sandwich can be made to press the
uncured PDMS into an SU-8 mold structure and keep the PDMS, SU-8 and flat plates
pressed together with a clamp in an oven to cure it (Figure 4).8,9 One method is to
plasma treat the PDMS surfaces and cover with methanol to align the structures, and
then apply heat to evaporate the methanol and to allow the layers to bond. Other
methods include corona discharge, partial curing, and uncured PDMS adhesive.10
Corona discharge and uncured PDMS adhesives were unavailable at Cal Poly’s
Microfabrication Lab and were therefore not used in this project. The partial curing of
PDMS was attempted.

Figure 4: PDMS sandwich method of PDMS casting.
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Procedures
Photolithography
Wafer Preparation
Each 100mm silicon wafer selected for a SU-8 mold was cleaned and dried under a
fume hood (Figure 5). Cleaning involved submerging the wafer in Piranha, a mixture of
sulfuric acid and hydrogen peroxide, for 10 minutes at 70oC to remove any organic
contaminants. The wafers were then rinsed with deionized water and submerged in
hydrofluoric acid for 5 minutes to remove any oxide that may have formed on the wafer.
The wafers were rinsed with deionized water again and placed on a hot plate at 150oC
to evaporate any remaining water.

Silicon Wafer
Figure 5: Cross section of clean silicon wafer.

Spin on SU-8 Layer
A clean wafer was placed on the chuck in the spin coater, with the aligning jig to center
the wafer. With the vacuum holding the wafer in place, and the interior of the chamber
lined with aluminum foil, approximately 4mL of room temperature SU-8 2050 was set in
the center of the wafer. For the master mold of the channels, the wafer was spun at
500rpm for 30 seconds to spread the SU-8 across the entire wafer, and then spun at a
higher speed for 30 seconds to planarize the SU-8 to the desired thickness, according
to the Micro Chem SU-8 2000 series data sheets (Figure 6). The same process was
repeated for a separate wafer spun at the high speed of 6000rpm for 30 seconds to
achieve a thickness of 10µm for the pillar structure used to make the porous membrane.
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SU-8 Layer

Silicon Wafer
Figure 6: Cross section of wafer after SU-8 deposition.

Exposure
Each SU-8 covered wafer was then placed in the aligner on top of a blank glass slide.
The mask was placed directly on top of the wafer to minimize the scattering of light
between the pattern and the SU-8 (Figure 7). A glass filter was placed on top of the
mask to only allow the required wavelength of UV light through to the SU-8. The
exposure doses for the SU-8 2050 and SU-8 2007 were taken from Micro Chem’s SU-8
2000 series data sheets. Exposure times for each thickness varied, with thicker layers
requiring a longer exposure time. Immediately after the SU-8 was exposed, it was
placed on a hot plate for a post exposure bake. Baking times varied depending on what
type of SU-8 was used and the thickness of the film.
UV light

Photo Mask
SU-8 Layer
Silicon Wafer
Figure 7: Cross section of SU-8 exposure.

Develop
After the post exposure bake, the wafers were placed in a SU-8 developer to remove
unexposed SU-8 (Figure 8). The thicker SU-8 layers were in the developer for up to 10
minutes, while the 10µm film of SU-8 was in the developer for 2 minutes and 20
seconds. If there was still un-cross-linked SU-8 on any of the processed wafers, it was
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placed back into the developer to remove the excess. Once the unexposed SU-8 was
entirely removed in the developer, the wafers were placed under a microscope and
inspected to make sure there were no defects. If the structures were defect free, the
wafer would be placed on a hot plate at 150oC for 30 minutes to evaporate any
remaining solvent.
SU-8 Layer

Silicon Wafer
Figure 8: Finished SU-8 mold.

Soft lithography
PDMS Preparation
The PDMS used was produced by Dow Corning©. To make the silicone polymer, a
10:1 ratio of Sylgard 184 elastomer base and curing agent was thoroughly mixed and
placed in a vacuum chamber to void the mixture of all air bubbles. For each of the
channel molds, 30mL of elastomer base and 3mL of curing agent were mixed. For the
porous membrane 10mL of elastomer base and 1mL of curing agent were mixed.

PDMS Casting
To cast the PDMS, a petri dish slightly larger in diameter than a 100mm wafer was lined
with aluminum foil. The SU-8 mold of the channels was placed flat on the bottom of the
aluminum foil lined petri dish. PDMS that was voided of all air bubbles was then poured
onto the SU-8 mold in the center and allowed to spread across the wafer to fill up the
base of the container (Figure 9). Once the PDMS has spread over the entire base of
the container it was placed in the furnace at 80oC for at least 90 minutes.
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Figure 9: PDMS being poured onto the SU-8 mold.

After the PDMS was removed from the oven, the PDMS on the edge of the wafer was
removed. The PDMS on the wafer was then peeled off slowly in the direction parallel to
the channels (Figure 10). Each section of channels was then cut into a rectangle of
approximately 3cm by 6cm.

Figure 10: Peeling PDMS off the SU-8 mold.

The PDMS membrane was fabricated by spinning PDMS onto the SU-8 mold of pillar
structures. The equation used to calculate film thickness of films spun onto silicon
wafers did not match the thickness of the first membrane, so trials at a range of speeds
were executed (Table I). A speed of 6000rpm for 30 seconds was closest to the desired
thickness; therefore, this speed was used for the remainder of the project.
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Table I: PDMS Spin Speeds

PDMS Spin Speeds
Spin Speed (rpm, for 30
sec)

6000

5000

4000

3000

2000

1500

1000

500

Feature Height (µm)

11
9
11
11
10
11

11
12
12
12
14
10

22
24
19
20
20
26

33
32
30
34
33
38

36
23
27
25
29
25

50
54
52
40
41
49

111
117
97
82
85
108

154
157
155
158
144
141

Average Thickness
(µm)

10.5

11.8

21.8

33.3

27.5

47.7

100.0

151.5

Plasma Bonding and Aligning
The 10µm film of PDMS on the silicon wafer was rinsed with isopropyl alcohol (IPA) and
dried with nitrogen gas twice. The same was done for the PDMS channel sections.
Each surface to be bonded was treated with an argon plasma for 1 minute each (Figure
11).

Figure 11: Plasma treating the PDMS section with an argon plasma.

Once the open side of the channel section and the 10µm PDMS film were treated with
the plasma, the channel section was laid down onto the film with the straight section of
the channels lined up with the pillar structures on the silicon wafer (Figure 12). The
wafer was the placed in the furnace at 80oC for 15minutes. Once the channel section
10

was laid down on the 10µm film, the edges of the channel section were cut out using a
razor blade. The PDMS on the rest of the wafer was removed and the channel
structure bonded to the film was slowly peeled off the wafer in the longitudinal direction

Figure 12: Top layer of channels bonded to the 10µm PDMS film.

of the channels. Each membrane that was bonded to the top layer was inspected under
the microscope for voids or gaps to prevent excessive leaking between the channels
(Figure 13). Once the top layer of channels was bonded to the membrane, the bottom
layer was bonded to the membrane to complete the device. The open channel side of
each layer was again rinsed with IPA and dried with nitrogen gas to clean the surface.
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Figure 13: Top layer of channels bonded to porous membrane.

The two layers were each treated for 1 minute with the argon plasma. A few drops of
methanol were added as a float layer between the top and bottom channel sections and
the other was placed on top. The two layers were brought to the microscope and the
layers were moved by hand until the channels were aligned. The two layers were then
placed in the oven at 80oC for 15 minutes to evaporate the remaining methanol out from
between the layers.

Results
Feature Dimensions
The width of the center channel was 400µm and the widths of each of the vacuum
chambers were 200µm. The walls between the center and either vacuum chamber
were 50µm. The height of all the channels depended on which SU-8 mold was used to
fabricate the device. The best results came from the 70µm SU-8 channels. The SU-8
pillar structure had columns 10µm in diameter, which were spread out in an array with a
10µm gap between each pillar (Figure 14). One of the first PDMS devices that leaked
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Figure 14: SU-8 pillar structure.

was sectioned to check the dimensions of each of the channels and the walls of the
channels (Figure 15).

Figure 15: Cross section of final device.

Testing
To test each device holes were punched into the PDMS with a 16 gauge punch that had
been sharpened with a drill bit at each of the enlarged ends of the channels for inputs
and outputs for the center channels and one hole on the outer channel for the vacuum
chamber. Tygon tubing was used to connect syringes to the device. Colored water was
pushed through the channels to check for leaks. Every device leaked (Figure 16).

Figure 16: Finished device leaking around the inlet hole.
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There was an incomplete bond between the membrane and the bottom layer on each
device. Many of the devices had pockets of unbound PDMS where the methanol
evaporated and formed bubbles between the layers during the evaporation step. There
was no bond in these air pockets.

Pressure
The device requires a low pressure to push the fluid through the channels. When too
much pressure is applied, the layers separate and fluid or air is forced into the flat open
areas of the chip. Pressures that are too high also cause the walls between the vacuum
chambers and the center channel to open up, allowing liquid to flow throughout all the
channels.

Membrane Motion
The membrane stretched and contracted slightly when negative and positive pressures
were applied to the vacuum chamber. When negative pressure was applied to the
vacuum chamber the walls of the inner channel bent out and opened up like a two way
valve (Figure 17).
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Figure 17: Left: relaxed membrane. Right: negative pressure applied to the vacuum chambers.

Discussion

PDMS Bonding
Many methods of bonding PDMS to PDMS were tested, all of which resulted in weak,
incomplete or nonexistent bonding. The first method was a sandwich method, which
involved two C-clamps and two flat metal pieces that were just larger than the silicon
wafer in diameter. The upper channel PDMS section bonded to the membrane and the
lower channel PDMS section were treated with the argon plasma and stuck together
with the channels being aligned by eye. The C-clamps were tightened until the edges
of the PDMS layers started to bow out and the device was placed in the oven to cure at
80oC for 30minutes. This method resulted in misaligned channels because the features
are too small for the human eye to see exactly how they line up. The device was
bonded fairly well, but a good bond is worthless if the device does not work.

15

A second method involved bonding the layers while they were still only partially cured.
This method involved bringing the PDMS out of the oven after 60 minutes and
attempting to peel off the PDMS from the SU-8 mold. Once the PDMS was off the SU-8
mold, the layers were to be treated with the argon plasma, stuck together and placed
back in the oven at 80oC for another hour. However, the PDMS would not come off the
wafer while it was partially cured, and the channels were malformed at best.

A third method included using the Silgard 184 curing agent to soften the bonding
surface between the layers. Unfortunately, the curing agent dissolved all the structures
on each of the PDMS layers. This method resulted in a mess of uncured PDMS.

The fourth method that was the most successful in aligning the channels. This method
included a float layer of methanol between the layers of PDMS and aligning them under
the microscope. A few drops of methanol was applied immediately after the surfaces
were treated with the argon plasma, Within a few minutes the PDMS layers were
aligned and placed in the oven at 80oC for 15 minutes. Bonding between the layers
using this method was hit or miss and had many variables that reduced the chances of
a good bond. If there was any speck of dust between the layers, the methanol would
accumulate there in a small pocket and when evaporated would form a bubble between
the layers causing no bond to form. To alleviate the problem of methanol air pockets,
holes were bored into the PDMS at the inlet and outlet areas of the channels. The
holes did not seem to have any effect on the bubbles. One device was placed in the
vacuum chamber to try to pull out the methanol with a negative pressure, but that did
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not seem to have any effect either. When the device was placed in the oven a weight
was placed on top to push air pockets out the sides or into the channels. The weight
resulted in unbounded areas where the air travelled to the edges to escape. Another
problem with the methanol was that the longer it took to align the channels under the
microscope, the weaker the bond was. The methanol may have been slowly reacting
with the partially ionized surface of the PDMS and removing its ability to bond. It is
debated whether or not the use of methanol as a float layer will result in a complete
bond, but from this project it seems that there are many other variables involved with
the methanol technique.

Feature Dimensions
Many SU-8 molds were fabricated in order to achieve the highest channel height and
still have a 90o angle between the SU-8 and the silicon wafer. SU-8 thicknesses ranged
from 30µm to 110µm. There was a limit to how high the SU-8 could be and still have
the 90o angle that was needed. This limit could be from light being reflected or
scattered as it traveled into the SU-8 during the exposure step in soft lithography.
Scattered and reflected light would cause some of the SU-8 along the bottom of the
mold to become partially cross-linked and not dissolve during the developing step. This
effect occurred in the 110µm, 90µm and 80µm tall SU-8 molds. In the 70µm and
shorter devices there was no issue with the 90o angle between the SU-8 and silicon, so
the 70µm SU-8 mold was used as the master mold.
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Membrane Motion
The motion of the membrane was at a minimum because the walls of the center
channel were not fully bonded to the membrane. In some parts of the devices the
membrane was not bonded at all to the walls of the center channel. When negative
pressure was applied to the vacuum chambers, the inner walls would bend outward and
continue to bend until the flat portion in contact with the membrane was flexed to an
angle that clearly reflected the light of the microscope. 8If the membrane was bonded,
then it should experience a much greater range of motion.

Conclusions & Recommendations
A 10µm membrane is possible to fabricate in the clean room at Cal Poly. Fabricating
multilayer microfluidic devices are also possible, but the bonding methods in this project
failed. In order to create a multilayered microfluidic device that functions, it is
recommended that the method of plasma treating with a methanol float layer to bond
the layers together be investigated further. It is also recommended that new methods of
aligning different layers of PDMS be investigated.
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